Forests have been considered as a major carbon sink within the global carbon budget. However, a fragmented forest landscape varies significantly in its composition and age structure, and the amount of carbon sequestered at this level remains generally unknown to the scientific community. More precisely, the temporal dynamics and spatial distribution of net ecosystem productivity (NEP) in a mosaic are dependent on ecosystem type and the chronosequence of the ecosystem in the landscape. In this study, we developed a model, LandNEP, to follow the change in NEP by ecosystem and chronosequence. The model creates user-defined hypothetical landscape mosaics of ecosystem and age over a given number of simulation years. It then calculates NEP and biomass for each ecosystem and over the entire landscape based on a distribution function, and any disturbances that have occurred within a landscape at a given year. We simulated three different scenarios and a sensitivity analysis within a hypothetical landscape. Based on these scenarios, we were able to show that theoretically, timber harvest strategies requiring rotations that go beyond the time of an ecosystem's maximum NEP will ultimately yield the greatest cumulative NEP value. Furthermore, the sensitivity analysis demonstrated that increasing the disturbance interval could switch an ecosystem from acting as a net carbon source to acting as a net carbon sink. These results suggest that carbon losses within a managed forested landscape could be mitigated by permitting the ecosystem to reach its maximum as a net carbon sink before harvesting timber. Therefore, alternative management regimes play a leading role in determining to what extent a landscape sequesters carbon.
Introduction
Undisturbed, mature forest ecosystems exhibit a net gain in carbon exchange with the atmo-sphere while newly created or regenerating forests generally yield a net loss of carbon. These carbon fluxes represent net ecosystem productivity (NEP), and can be calculated by subtracting heterotrophic respiration (R h ) from net primary productivity (NPP; NEP= NPP −R h ). The magnitude of NEP of an ecosystem depends on its type, age, physical environment, latitude, and regional climate (Woodwell and Whittaker, 1968; Waring and Running, 1998; Buchmann and Schulze, 1999; Valentini et al., 2000) .
Human-induced disturbances, particularly those associated with modifications in land-use, could have equal or more severe effects on ecosystem productivity than those physiological changes associated with climate and atmospheric composition (Tian et al., 1999; Schimel et al., 2000) . Land use changes alter the fluxes of energy and materials, community composition, and its environment (Forman, 1995; Chen et al., 1999) , and have subsequent impacts on atmospheric CO 2 concentrations if undertaken at sufficient temporal and spatial scales (Houghton et al., 1987; Chen et al., 2002) . Likewise, many ecosystem models that focus primarily on physiological processes (e.g. photosynthesis) often exclude the dominant factor governing the rate of carbon loss in forests, namely land-use history (Caspersen et al., 2000) .
Most field-based studies of NEP have focused on single-aged, mature or late-successional natural forested ecosystems (Buchmann and Schulze, 1999) , and few have examined productivity over the longer term (i.e. centuries) at the landscape level. The CO 2 fluxes of a landscape depend on its composition; a landscape dominated by mature, late successional stands will likely act as a carbon sink, but one composed primarily of young stands (e.g. 525 years of age) may act as a source of carbon to the atmosphere . Extremely low fluxes occur during stand establishment since CO 2 uptake through photosynthesis and CO 2 release from soil respiration (which is relatively high due to the decomposition of coarse woody debris left in the stand from the prior forest) represent fluxes in the opposite directions Valentini et al., 2000) .
Understanding and managing productivity at the landscape level plays a vital role in cooperative international science and treaties such as the Kyoto Protocol (IPCC, 1994; IGBP, 1998) . The average NEP and biomass accumulation of a landscape will differ under alternative management strategies that change the composition of the landscape. For example, replacing older stands by young stands could cause a significant amount of carbon loss to the atmosphere, and shortening the rotation length of a stand may cause a reduction in the landscape carbon pool . Hence, a landscape can be managed for productivity and carbon sequestration from a spatial perspective because one may alter management strategies so that a landscape can sequester varying amounts of carbon.
Field-based studies of the NEP of a chronological sequence or successional pathway for a given ecosystem over time is difficult due to the long lifetime of forest trees, the expensive monitoring equipment required, and the inability of this instrumentation to take into account the spatial heterogeneity of the landscape (Bond and Franklin, 2002) . However, with the aid of such tools as remote sensing imagery, the ecosystem composition and age structure of managed landscapes are usually known with good temporal and spatial resolution. In this context, we developed a computer-based model, LandNEP, which incorporates the ecosystem composition and age structure of a hypothetical landscape to illustrate how differing management strategies in space and over time (e.g. disturbance regimes) can result in varying levels of carbon fluxes and storage. We conducted our modeling efforts to demonstrate that: 1. The chronosequences of the ecosystems within a landscape mosaic can be used to determine the role of a landscape (i.e. source/sink) in contributing to atmospheric CO 2 during a given time period. 2. We can regulate the carbon flux of a forested landscape from a spatial perspective based on, (a) the NEP distribution functions followed by the ecosystems through succession; and (b) the management strategies applied to these ecosystems.
Model development and parameterization
LandNEP takes a modular, dynamic approach to the analysis of NEP of a chronosequence for each type of ecosystem in the landscape. The three modules of LandNEP consider, (1) spatial heterogeneity at the landscape level; (2) landscape dynamics; and (3) carbon flux. The information flow between modules is minimal to lessen their dependence. This permits the user to modify the landscape configuration variables and management strategies (e.g. proportion and age structure of each ecosystem within the landscape, or disturbance frequency intervals) while holding constant the NEP distribution curve of an ecosystem. The model is dynamic because it examines the effects of disturbance on NEP in the entire landscape over time.
LandNEP spatial heterogeneity module
The spatial heterogeneity module of LandNEP is developed as an extension of the generic LEE-MATH model, a decision support tool that balances the economic and ecological constraints of forest management (Li et al., 2000) . This module creates a landscape mosaic of specified size with different degrees of heterogeneity in two controlling variables: ecosystem type and age. The components of ecosystem type include number of ecosystems and the proportions of each in the landscape. The age components consist of the minimum disturbance interval (i.e. rotation age, or the number of years between timber harvests) by ecosystem type and the mean age of each ecosystem. The output includes two landscape maps: ecosystem types and ages.
LandNEP landscape dynamics module
The landscape dynamics module takes as input the maps of ecosystem type and age produced by the landscape spatial heterogeneity module. It then creates simple landscape dynamics for NEP analysis with the above two variables. This module provides disturbance (e.g. harvests) under the following constraints: a maximum area to be disturbed (harvested) each year, a minimum age (specified by ecosystem) where harvest is allowed (mindisturb), a must-disturb ecosystem age by type (defined as mindisturb * 1.2), and a time delay (equals 1 the year after disturbance, i.e. planting following clearcutting). Successional pathways of the ecosystems are not modeled, in part because the forest plantings are controlled, but also in the interest of model simplicity. The landscape mosaic containing the age of each ecosystem is exported to an external file at the end of each model simulation year, and each map is read into the carbon flux module (Section 2.3.2).
LandNEP carbon flux module

Modeling the NEP of an ecosystem o6er time
Landscape-level analysis often requires a simplified, parameter-scarce approach to modeling the ecosystems within the landscape (Levin, 1992) . Therefore the carbon flux model does not explicitly model the variables that control the dynamics of NEP (e.g. NPP and R h ), but takes an analytical approach to examining the NEP of an ecosystem over a given number of stand development years. We divide the change of NEP over time ( Fig. 1) into four phases along a curve:
(I) t(NEP min ), the time at which the minimum NEP (NEP min ) value is attained (II) t(NEP min )+ 1 to t(NEP max ), from the year following NEP min to the time at which the maximum NEP (NEP max ) value is attained (III) t(NEP max )+ 1 to t(NEP steady ), from the year following NEP max to the time at which the steady-state NEP (NEP steady ) value is attained (IV) t(NEP steady )+ i, from the year following NEP steady to all i years beyond this point. Phase I (NEP min ) occurs in the first year after a disturbance (e.g. timber harvest), which leaves a large amount of woody debris at the site. During this period, the leaf area of a forested stand is at a minimum resulting in little photosynthetic carbon fixation, and a low value of net primary production (NPP; Barnes et al., 1998) . Furthermore, there is a high decomposition rate of woody debris, damaged roots, and other organic matter from the previous ecosystem causing heterotrophic respiration (R h ) to reach a maximum (Waring and Running, 1998) . These factors force the ecosystem to act as a net carbon source to the atmosphere (i.e. negative NEP) and attain NEP min (Fig. 1) .
Phase II begins the year following t(NEP min ) and ends at t(NEP max ). At the beginning of Phase II, the carbon flux remains negative for several years as carbon exports from R h are continually higher than photosynthetic carbon uptake. However, as the stand ages and Phase II continues, leaf area increases, thereby augmenting photosynthetic carbon uptake and NPP. R h begins to decrease since much of the organic matter left from the previous ecosystem has become decomposed (Janisch and Harmon 2002; Valentini et al., 2000) . Eventually, the ecosystem reaches a point of being neither a sink nor source (NPP=R h ; NEP 0 in Fig. 1 ; Waring and Running 1998; Barnes et al., 1998) . If no further disturbance occurs in the years following NEP 0 , the productivity of the site dramatically increases and the ecosystem switches to a net sink. It rapidly climbs towards a maximum NEP value (NEP max ) that is generally reached around the time of canopy closure for most forest ecosystems . Thus, to model this second phase of the curve, the NEP is approximated with an exponential distribution function that takes into account the growth characteristics and carbon flux capacity of the ecosystem (Barnes et al., 1998) . A modified two parameter exponential function that is bounded by zero and one is used:
where b\ 0 is the scale parameter, c \0 is the shape parameter, and T=t/10. This equation is the same as the cumulative Weibull function; its derivative form will be a bell-shape curve (e.g. Fig. 1 ) with f'(T) (0, 1) . A larger scale parameter will yield a wider range of years where t i (NEP) = 90-100% of NEP max . That is, for two ecosystems with the same values of NEP min and NEP max , the ecosystem with a larger scale parameter will remain in a period of high productivity (e.g. NPP R h ) for a longer period of time than an ecosystem with a smaller scale parameter (t optimal -yrs (NEP); Fig. 1 ). The shape parameter determines the stand development stage at which an ecosystem reaches NEP max , and therefore represents the growth rate of the stand. A slower maturing stand will have a larger shape parameter, while a stand that matures quickly will have a smaller shape parameter, providing these two ecosystems have the same values of NEP min and NEP max . Since Eq. (1) is bounded by zero and one, we incorporate the constants NEP min and NEP max and use the following equation to calculate the NEP for Phase II:
where g(T)={ f(T)−f(T− 1)} for t= 2 … n years, g(T) max is the maximum g(T) over all simulated stand development years, and k 1 = (NEP max − NEP min ). That is, at t(NEP max ), g(T)/ g(T) max = 1 so that (1× k 1 )+ NEP min = NEP max . Fig. 1 . Four points along a curve (NEP min, NEP 0 , NEP max , and NEP steady ) are used to model the four phases of NEP of an ecosystem over a selected number of simulated ecosystem development years. Immediately following a disturbance, the ecosystem attains its minimum value as a carbon source (i.e. negative NEP; NEP min ). Eventually, as the system grows towards maturity it switches to a carbon sink (i.e. positive NEP; NEP 0 ) and reaches a point of maximum carbon sequestration (NEP max ). Assuming constant conditions within the ecosystem, a steady-state (NEP steady ) is reached. The amount of time it takes to reach this equilibrium depends on the initial amount of carbon released immediately following the disturbance (NEP min ). A range of optimal years of productivity can be defined as, for example, those years during which NEP values fall within the 90 -100% of the NEP maximum. A sensitivity analysis applied to the quantity (NEP min + NEP steady ) results in a slightly higher or lower steady-state value as indicated by the two dashed curves.
During Phase III, from t(NEP max ) + 1 to t(NEP steady ), the NEP of the fully mature ecosystem declines for a number of years, eventually reaching a steady-state value ( Fig. 1 ; Schulze et al., 2000) . During this decline in NEP, the NPP of the aging ecosystem decreases (though the physiological mechanisms for this age-related decline are not well understood; Murty et al., 1996) while rates of R h remain steady due to continual litter inputs from the overstory (Waring and Running, 1998) . Therefore, the NEP of this section of the curve is also a function of Eq. (2), but in addition it is dampened with terms incorporating the value of NEP steady and rate constants to determine how quickly the steady state is reached:
where h \0 is a model parameter determining how quickly the NEP approaches a steady state, and z is a model parameter beginning at 1 and increasing by one each year until NEP steady is reached (Loucks, 1970; Arneth et al., 1998; Schulze et al., 2000) .
Finally, when NEP steady is attained in Phase IV, the NPP is slightly greater than the R h of the ecosystem, resulting in a value of NEP just above zero. Decreased substrate quality in these older ecosystems causes limited decomposition, and thus low R h (e.g. Covington and Sackett, 1984; Bauhus et al., 1998) . Unless a disturbance occurs, the NEP of the ecosystem will retain this steady state value.
Modeling the NEP of a landscape o6er time
The NEP of the landscape over time is modeled using simple summations of the ecosystem NEP values obtained from the NEP distribution function described in Section 2.3.1. First, each ecosystem age on the annual age structure maps output from the landscape dynamics module (Section 2.2) is matched to the age on the corresponding NEP distribution function. Thus, each ecosystem within a landscape mosaic has an associated NEP value. The total NEP of an ecosystem for any given simulation year is equal to the sum of the NEP values for that ecosystem:
where p is the number of ecosystems of a given type in the landscape. Then, the NEP of the landscape with L ecosystems is:
and the landscape biomass at the end of the specified simulation period t is:
The NEP values of the same types of ecosystems are weighted by ecosystem by multiplying the non-weighted NEP values by the ecosystem's proportion in the landscape. This weighting accounts for the total area covered by the individual ecosystems of similar types within the landscape.
Simulations
LandNEP model scenarios and input parameters
To demonstrate the utility of the model, we used LandNEP to describe three hypothetical management regimes (Scenarios 1, 2, and 3 in Table 1 ) over a landscape comprised of ecosystems with faster (B 80 years) and slower (]80 years) disturbance intervals (e.g. timber harvests). Therefore, our analysis of the model output could be extended from examining the differences in production between the individual ecosystems within a landscape to an overall landscape-level comparison of production between the three scenarios. Although these scenarios are hypothetical, they were chosen to correspond loosely with forest management practices in the upper Great Lakes region of the US where clearcutting (e.g. removal of all trees in a single harvest) at regular intervals is a common practice (e.g. USDA, 1994) . In all the scenarios each ecosystem type comprised variable proportions of a 10 000 ha landscape. The model output annual values of NEP, area harvested, biomass, and ecosystem ages over 300 simulated development years. h Year at which a 'steady-state' is attained. i Range of ecosystem ages (years) during which 90-100% of the maximum NEP value is obtained. The quantity 90% NEP max represents 90% of the maximum NEP value, e.g. the lower limit of the optimal NEP value for an ecosystem.
Scenario 1 included three different forest ecosystems (A, B, C in Table 1 ); two of these comprised 60% of the landscape, were routinely harvested within the t optimalyrs (NEP) time frame, and had short rotation times (e.g. 5 50 years). The third stand had a longer rotation length and a harvesting regime falling outside of the range of t optimal -yrs (NEP). In Scenario 2, four types of forested ecosystems (D, E, F, G in Table 1) were present in the same proportions, all ecosystems were harvested within the t optimalyrs (NEP) range, and two types were fast rotating (intervals of 25 and 50 years) while two types were slower rotating (intervals of 80 and 100 years). Scenario 3 consisted of two different ecosystem types (H, I in Table 1 ); ecosystem H comprised 70% of the landscape and was routinely harvested every 25 years, while ecosystem I was harvested within the optimal time frame and had a long (100 years) rotation length (Table 1 ; (a) on Figs. 3-5 ). We applied a sensitivity analysis to this third scenario in order to examine the effect of altering the disturbance interval on the productivity of the ecosystems over the simulation period.
In all three scenarios the change of NEP of the individual ecosystems over time differed; the scale parameter (c) varied from 3 to 9.5 and the shape parameter (b) ranged from 2 to 4. Since the ecosystems and landscape are hypothetical, the absolute values of NEP used in and obtained from this analysis are of interest only in the sense that they help us to compare the final output between the scenarios. However, to maintain a somewhat realistic perspective we did choose values for NEP min , NEP max, and the year of NEP max based on reported values of net carbon flux for various ecosystems Valentini et al. 2000; Buchmann and Schulze, 1999; Waddington et al., 1998) . The minimum NEP values ranged from −1.5 to − 0.5 mg C per ha/year, while the maximums ranged from 1.5 to 5.6 mg C per ha/year ( Table 1 ). All of the ecosystems were disturbed prior to the year of NEP steady .
Modeling results
Age structure and disturbance following LandNEP simulation
Over the 300 simulation years, the average ecosystem age ranged from 13.7 years for ecosystem D to 58.2 years for ecosystem I (Table 2) . Although it only comprised 30% of the landscape in Scenario 3, Ecosystem I also acted as the highest net carbon sink with an average weighted NEP value of 1.2 mg C per ha/year throughout the simulation period. Ecosystem H was the only ecosystem acting as a net carbon source, releasing an average 0.2 mg C per ha/year. The total average area harvested per year ranged from 62 to 310 ha, but the variability of these yearly averages was high (ecosystems G and H, respectively; Table 2 ).
At the end of simulation year 1, the ecosystem ages ranged from 19.2 to 47.9 years for Scenario 1, 11.6 to 47.7 years for Scenario 2, and 15.0 to 47.8 years for Scenario 3 ('Year 1' in Table 2 ). There was no area harvested for Scenarios 2 and 3 during year 1, but in Scenario 1, 1800 ha were harvested. The NEP of 2.6 mg C per ha/year for Scenario 1 was the highest of the three scenarios during year 1 ('Year 1' in Table 2 ). However, 25 years later, the NEP of Scenario 1 was the lowest (1.2 mg C per ha/year for Scenario 1 vs. 2.1 and 1.5 mg C per ha/year for Scenarios 2 and 3, respectively; 'Year 25' in Table 2 ). At year 100, Scenario 1 again had the highest NEP of the three scenarios (2.3 mg C per ha/year for Scenario 1 vs. 1.3 and 0.7 mg C per ha/year for scenarios 2 and 3, respectively; 'Year 100' in Table 2 ).
By the end of the 300 simulation years, the landscape in Scenario 1 had the greatest overall biomass of the three scenarios (434 mg C per ha for Scenario 2 vs. 419 and 259 mg C per ha, for Scenarios 1 and 3, respectively; Table 2 ). Ecosystem I produced the highest biomass (335 mg C per ha); ecosystem A yielded a low value of biomass (42 mg C per ha), and ecosystem H acted as a continual carbon source, releasing 76 mg C per ha over the simulation period (Table 2 ).
Age structure and NEP of the landscape
The cyclical age structure pattern of the landscape over time caused by the disturbance schedules included years where a substantial number of ecosystems fell within the range of t optimalyrs(NEP), followed by years where most ecosystems lay outside of this range. This altered the amount of carbon sequestered over time within a given area and over the entire landscape ( Fig. 2 and Table 2 ). For example, during simulation year 100, ecosystems B and C in Scenario 1 had average ages 28 and 58 years, respectively (Table  2) . These ages fell within the range of t optimalyrs(NEP), and consequently the landscape-level value of NEP was relatively high for this year (Tables 1 and 2 ). However, during year 300, none of the ecosystems in Scenario 1 fell within this t optimal -yrs (NEP) time frame, and the overall value of NEP for this landscape was substantially lower (0.9 mg C per ha/year; Tables 1 and 2).
Cumulati6e NEP o6er time
For Scenario 1 the landscape-level NEP value (NEP land ) reached its highest point at the beginning of the simulation period (70 mg C in year 1; (d) in Fig. 3 ). For Scenario 2, the highest value for NEP land was attained at year 120 (96 mg C; (d) in Fig. 4) , and for Scenario 3, the highest value for NEP land was reached at year 17 (52 mg C; (d) in Fig. 5 ). The contribution of each ecosystem to the landscape-level NEP depended on its propor- Table 2 Average ecosystem ages, weighted NEP, weighted biomass, and total harvest area by ecosystem type in six of the 300 simulation years, and averages (S.D.) of ecosystem age, weighted NEP, and harvest area over all 300 simulation years Table 1. tion within the landscape, disturbance interval, and the time at which each ecosystem reached its maximum NEP. For example, ecosystems A and B were at their peak NEP values and ecosystem C was nearly at a peak in year 1 of Scenario 1 (Fig.  3c) . However, ecosystems B and C had relatively high values of NEP max (3.7 and 3.4 mg C per ha/year, respectively; Table 1 ) and comprised 80% of the landscape. Therefore, they contributed much more to this peak than ecosystem A (Fig. 3c  and d) . In Scenario 2, a low cumulative NEP was reached at year 80, caused primarily by ecosystems G and E since they both approached their minimum NEP values during this year ( Fig. 4c  and d) . For all scenarios, the ecosystems accumulated carbon between disturbance intervals at a rate indicated by 'increasing waves', an indication of long-term variability (Fig. 3b, Fig. 4b and Fig.  5b ).
Sensiti6ity analysis of Scenario 3
The sensitivity analysis applied to Scenario 3 demonstrated that an increase or decrease in the disturbance interval played a significant role in determining the carbon flux of ecosystems H and I. By increasing the disturbance interval of ecosystem H from 25 to 50 years, the total biomass at the end of the 300 simulation years increased by nearly 150 mg C, and ecosystem H switched from acting as a net carbon source to acting as a net carbon sink ('Year 300' in Table 3 ). However, when the disturbance interval for ecosystem H was again increased from 50 to 75 years, the total biomass at the end of the simulation period remained the same ('Year 300' in Table 3 ). Notably, for ecosystem H, a decrease in the disturbance interval of just 6 years, from 50 years to 44 years, caused a significant (PB 0.001) decrease of 25 mg Fig. 2 . Age frequencies and spatial distribution (inset) for the three patch types of Scenario 1 at simulation years 1 and 300. The age structure of the landscape, and hence, carbon sequestration, changes over time based on disturbance intervals and the time at which a patch type reaches its NEP max . For example, at simulation year 1 (a), ecosystems B and C are dominated by stands that are close to their NEP max , representing a high net carbon sink (1.4 and 1.0 mg C per ha/year, respectively; Table 2 ). However, at simulation year 300 (e) the age distributions of ecosystems B and C are dominated by stands further from their NEP max , representing less carbon sequestration (0.4 mg C per ha/year for both B and C; Table 2 ). Younger stands (0 -29 years) are represented by yellow, middle-aged stands (30 -59 years) are represented by greens, and older stands (60 -100 years) are represented by dark blues and reds. Table 3 Average (S.D.) ecosystem ages, weighted NEP, weighted biomass, and total harvest area by ecosystem type following a sensitivity analysis applied to scenario 3 Disturbance Intervals (years) applied to ecosystem types H and I Analysis 1 (H = 25, I
=100)
Analysis 2 In each analysis the disturbance intervals of each ecosystem type were changed while all other parameters retained the original values shown in Table 1 . Ecosystem types are listed according to their alphabetic character values given in Table 1 . Analysis 1 represents the original Scenario 3 (Table 2) , and is shown again here for ease in comparison. In Analysis 2, the disturbance interval of ecosystem type H is 25 years longer than that in Analysis 1 while that for ecosystem I is 16 years shorter. In Analysis 3, the disturbance interval for ecosystem type H is 50 years greater than that in Analysis 1, while that of ecosystem type I is the same. In Analysis 4, ecosystem types H and I are disturbed exactly at the year of NEP max . The highest total biomass values are achieved for ecosystem type H when the disturbance interval of ecosystem I is set at 75 years and that of ecosystem I is set at 100 years (or more). The total biomass in 'Year 300' of Analyses 2 and 3 are not significantly different, but the total biomass of Analyses 2 and 3 are significantly higher than Analysis 4 (PB0.001). Fig. 3 . Changes in NEP with successional age simulated by LandNEP (Scenario 1). A modified two parameter exponential distribution function with varying shape and scale parameters was assigned to three ecosystems (A -C) within a hypothetical landscape (a). The three ecosystems accumulate carbon between disturbance intervals at a rate indicated by the increasing 'wavy' graphs in (b). The contribution of each ecosystem to the cumulative depended on its proportion in the landscape, disturbance interval, and its maximum NEP (c, d). For example, the high cumulative NEP in I and II (d) was caused primarily by ecosystems B and C (c).
C per ha in the total biomass. A similar significant (PB 0.001) decrease in total biomass was noted when the disturbance interval of ecosystem I was switched from 84 to 66 years ('Year 300' in Table  3 ).
Discussion
NEP dynamics and disturbance inter6als
Our model scenarios demonstrated that management practices incorporating regular disturbance regimes can influence the cumulative productivity of a landscape. However, the landscape productivity is also dependent on the composition, age structure, and changes of NEP over the successional process of the ecosystems within the landscape (e.g. Fig. 1 ). Large differences in productivity were noted in comparisons between ecosystems all having 25 year disturbance intervals, but different NEP curves. The mis-timing of a regular disturbance in an ecosystem with NEP max occurring at a later stand developmental stage and lower values of NEP max and NEP min could result in that ecosystem becoming a net carbon source. This implies that land managers should be careful to avoid a short disturbance frequency in those ecosystems with a 'low' NEP curve. For instance, ecosystem H was marked by a 'low' NEP curve, and when it was disturbed every 25 years it acted as a net carbon source. It switched to a net carbon sink when the disturbance interval was increased (Tables 1 and 3; Fig.  5 ). Similarly, managers have more leeway in timing the disturbance interval of an ecosystem with an earlier achievement of NEP max and higher values of NEP max and NEP min . For example, ecosystem D was also routinely disturbed every 25 years, but remained a net carbon sink due to its 'high' NEP curve (Tables 1 and 2; Fig. 4) . Fieldbased studies have also demonstrated large differences in NEP among ecosystems 5 25 years old (Buchmann and Schulze, 1999) . Furthermore, our model scenarios support the hypotheses of Schulze et al. (2000) that a landscape dominated by unmanaged old-growth forest will ultimately have a greater sink capacity than one dominated by younger, faster rotating stands. We documented a similar occurrence when the disturbance interval of ecosystem I was increased from 66 to 100 years, resulting in a 10% increase in total biomass. For ecosystem H this increase was even more dramatic, yielding an increase of more than 100% when the disturbance interval was changed from 25 to 50 or 75 years (Table 3) . Older, less frequently disturbed stands will allow more carbon to enter the permanent carbon pool, often referred to as net biome production (NBP). NBP represents only a small portion of NEP and is critical in assessing long-term (e.g. decades to centuries) carbon storage (IPCC, 1994; IGBP, 1998) .
Variability in NEP
Many of the ecosystems were poorly constrained, as indicated by their high variability in average NEP over the 300 simulation years. For example, ecosystems A and F had standard deviations (S.D.) equal to their average weighted NEP values (Table 2) , and could therefore switch from being a carbon sink with a positive NEP value to acting as neither a sink nor source, with an NEP value equal to zero. Many modeling and fieldbased studies have also reported a high interannual variability of ecosystem CO 2 sources and sinks (Woofsy et al., 1993; Goulden et al., 1996; Chen et al., 2002) . Researchers conducting fieldbased eddy covariance studies have noted that in some instances a warm winter can switch a boreal forest from becoming a carbon sink to a source due to an increase in ecosystem respiration (Lindroth et al., 1998; Goulden et al., 1998) . This has been attributed to climatic variability and the correlation between temperature and ecosystem respiration .
Furthermore, an estimate of the sink strength of an ecosystem obtained from data over a short time interval (e.g.B 10 years) may not represent an adequate picture of the sink/source strength of an ecosystem due to the cyclical nature of NEP (e.g. (c) in Figs. 3-5; Potter and Klooster, 1999; Fan et al., 1998) . That is, two estimates of NEP obtained from the same landscape or region in different years will generally not agree, but both will be correct . These high interannual climatic variations can make it difficult to predict when a landscape will switch from acting as net carbon sink to acting as a net carbon source, largely due to the complex interactions among landscape composition, NEP dynamics over ecosystem succession, disturbances in time and space, and future climate variability.
Applications
Physiological processes or random disturbances could be incorporated into the LandNEP distribution function (e.g. Eq.
(1)) in the carbon flux model (Fig. 1) to alter the NEP versus ecosystem age relationship over the shorter or longer term. For example, to assess the sensitivity of landscape NEP to transient changes in physiological processes, a section of the NEP distribution curve (Fig. 1 ) could be shifted up or down to simulate the effect of manipulations applied to an ecosystem (e.g. modifications of nutrients, water, temperature, or CO 2 concentrations over the course of one or several growing seasons; Shaver et al., 2000; Arneth et al., 1998; Goulden et al., 1996) . Similarly, a random disturbance (such as a wildfire) could also be included in the LandNEP simulations by shifting a portion of the NEP distribution curve up or down. This would assess how these short-term ecosystem modifications might affect the long-term NEP estimates, and their importance in the cumulative NEP of the entire landscape at broader temporal scales.
Long-term modifications in atmospheric CO 2 , soil warming, or ambient O 3 induced by climate change may cause a more dramatic alteration in the general NEP curve (Fig. 1) than the short term changes. The effects of elevated atmospheric CO 2 on NEP are complex and ecosystem-dependent; this phenomenon may increase NPP in the short term, but over the long-term this increase in NPP could be offset by other factors such as nutrient depletion, water stress, or acclimation (Mickler et al., 2000; Amthor, 1995) . This may cause the NEP curve to level at the NEP max value for several years in Phase II, but gradually fall and reach a steady-state slightly below zero in Phase IV. Depending on ecosystem type, soil warming may bring about changes such as decreased soil moisture, shifts in vegetation from more productive to less productive shrubs, increased plant cover, or increased nitrogen uptake (Mickler et al., 2000; Shaver et al., 2000) . These changes may mean, for example, that the ecosystem maintains a steady state at a point below or at zero, or that the NEP drops below zero for a period of time during phase III, but rises above zero again in phase IV (see Fig. 3 in Shaver et al., 2000) . O 3 tends to decrease biomass growth (Mickler et al., 2000) , and may therefore cause the NEP of an ecosystem to decline before actually reaching its NEP max , and to maintain a lower steady state value.
Although our main focus in this research was to demonstrate the utility of this model in strictly forested ecosystems, LandNEP could also be used to model non-forested landscapes. Recently, interest has intensified in quantifying the sink/source capacity of a landscape with any combination of croplands, rangelands, grasslands, or forests under alternative management strategies (Knapp and Smith, 2001; Kaiser, 2000; Mickler et al., 2000) . This may provide a more adequate picture of large-scale atmospheric fluxes and the uncertainties associated with certain carbon sinks. For example, management strategies within a cropland may consist of differing crop types and till versus no-till strategies. The carbon pool within these ecosystems may change extremely slowly over time or show large variations at small spatial scales (e.g. between different crop types in a field; Kaiser, 2000) which may not be significant at the landscape level. Furthermore, although none of the model scenarios were chosen to correspond with any specific forest management plan, this model could be implemented by forest managers to investigate the effect of alternative management strategies on NEP. Finally, an even more realistic picture of alternative management strategies could be provided by incorporating remotely sensed data combined with historical statistics over a landscape consisting of a combination of forested and non-forested ecosystems.
Comparison of LandNEP to other models of net ecosystem producti6ity
Although several models exist to examine productivity at the scales of an ecosystem (e.g. 0.25 km 2 ), a region (e.g. 100 km 2 ), or globally, a careful review of the available literature revealed no previous studies of NEP at the landscape scale (e.g. 10 km 2 ). Furthermore, due to the difficulty in measuring belowground processes such as those comprising R h (e.g. Raich and Nadelhoffer, 1989; Nadelhoffer and Raich, 1992; Gower et al., 1996) , some of the existing productivity models focus primarily on NPP or gross primary productivity (GPP, e.g. canopy photosynthesis), and not NEP (e.g. Jenkins et al., 1999) .
However, lessons learned from previous ecosystem, region, or global productivity modeling efforts can aid in our understanding of NEP at a landscape scale. For example, Alexandrov et al. (1999) merged global carbon cycle modeling with forest inventory at a Japanese site, and reached a conclusion similar to ours: forest age structure acts as a key variable in projecting the NEP of the world's forests. Huntingford et al. (2000) developed an ecosystem-level model that examined NEP responses to increases in atmospheric CO 2 concentration and temperature. They documented three categories of response causing either a rapid positive pulse of NEP, a large pulse of negative NEP, or a gradual switch to a weakly negative NEP. Jenkins et al. (1999) compared regional NPP predictions for two models (Pnet-II and TEM 4.0) and found that at both fine and course resolutions the percent coverage of low-versus high-productivity forests was a critical variable in assessing NPP. Therefore, to ensure more accurate predictions of NPP, the land cover input data sets should preserve the fine-resolution forest type variability.
Future directions and conclusions
In this first version of LandNEP, our goal was to demonstrate how, in a deliberately simple context, landscape-level carbon sequestration could be managed from a spatial perspective. LandNEP offers unique features, including the ability to take into account the age structure and differing disturbance regimes within a landscape. Currently, our model does not follow the successional pathways of the ecosystems within the landscape, nor does it examine how edge effects, ecosystem interactions, or ecosystem shape affect carbon sequestration. Further, LandNEP does not track the fate of carbon removed following each disturbance. It is hoped that this model, and our hypothetical scenarios, will provide a structure on which to build more complex models of landscape-level productivity either within a forested or non-forested landscape. Additionally, as more long-term eddy flux measurements (e.g. Ameriflux, Euroflux) are collected, scientists should gain valuable information to estimate the parameters for our carbon flux model.
